Since the gradient between aortic pressure and left ventricular diastolic pressure is a major determinant of coronary blood flow, a change in left ventricular relaxation by its effect on early diastole could diminish early diastolic coronary flow. Two interventions that resulted in impaired left ventricular relaxation, hypothermia, and reperfusion following a left anterior descending coronary artery occlusion were studied to evaluate whether there were associated changes in coronary blood flow. With both interventions, there was a significant prolongation of left ventricular relaxation (p<0.01) accompanied by a significant decrease in early diastolic coronary blood flow (p<0.01). Verapamil did not have a significant effect on these hemodynamic changes during hypothermia. However, verapamil significantly blunted the effects of reperfusion following ischemia on ventricular relaxation (/X0.002) and early diastolic coronary blood flow (p<0.01). Thus, impaired left ventricular relaxation has an adverse impact on early diastolic coronary blood flow, which, under the condition of reperfusion following regional myocardial ischemia, can be alleviated with calcium channel blockade. (Circulation Research 1987;61:747-756)
R ecently, there has been great interest in ventricular relaxation. The influence of ventricular relaxation, a complex energy-requiring process, on overall ventricular function has been examined. ' "* The impairment of relaxation may extend to the end of diastole and result in a compliance shift or, if less severe, may end during the diastolic interval. M Previous studies have demonstrated a marked impairment of ventricular relaxation under conditions of hypoxia, 10 "" ischemia, 5 -7 -9 and hypothermia. [ ' Jb~" Irrespective of the duration of the impairment of relaxation, the prolongation of tension maintenance in the myocardium might impair coronary blood flow through its effect on the coronary perfusion gradient. 19 Since coronary blood flow peaks early in diastole under conditions of rapid ventricular relaxation, any impairment of relaxation, because of its effect on early diastole, might be expected to have an adverse effect on early diastole coronary blood flow. To date, however, this relation has not been established. Experiments that examine this relation require meticulous attention to the associated hemodynamic variables that are determinants of coronary blood flow.
Recent clinical interest in myocardial reperfusion has resulted from the increased use of mechanical and pharmacologic means to relieve coronary artery obstruction. Since ventricular relaxation is impaired by hypoxia 10 " 13 and ischemia 3 -7 -9 and since this impairment is augmented during reoxygenation, 10 "' 314 it seems likely that reperfusion will be associated with a marked augmentation of the impairment of relaxation produced by ischemia. It is important to consider the possibility that reperfusion, through impairment of ventricular relaxation, may impair early diastolic coronary blood flow. If early diastolic flow is impaired under these circumstances, minimizing the impairment might make the beneficial effect of reperfusion even greater.
Thus, the present study was undertaken to examine the relation between changes in ventricular relaxation and early coronary blood flow. Two interventions, which are thought to impair ventricular relaxation through different mechanisms, were studied. The effect of hypothermia, which is considered to be mediated through an impairment of the uptake of calcium by the intracellular sarcoplasmic reticulum, 20 and the effect of reperfusion, which most likely exerts its effect on the transmembrane movement of calcium, 13 -21 -22 were investigated. Observations were also made on the associated changes in coronary blood flow in the absence and presence of verapamil, a slow calcium channel blocking agent. Particular attention was paid to the possibility that verapamil might alleviate the impairment of relaxation and augment early diastolic coronary blood flow during reperfusion following ischemia. These studies were performed with a right heart bypass preparation that allowed precise control of those hemodynamic variables that determine ventricular relaxation and coronary blood flow.
Materials and Methods

Experimental Preparation
Twenty-seven open-chest mongrel dogs weighing 17-25 kg were initially anesthetized with a mixture of chJoralose (100 mg/kg body wt i.v.) and urethane (1 g/kg body wt i.v.). Endotracheal intubation was performed in each animal, and ventilation was established with a Harvard respirator, using 100% oxygen prior to thoracotomy.
A proximal segment of the left anterior descending coronary artery and the infundibular branch of this artery were identified and isolated. The infundibular branch was cannulated in retrograde fashion with a 19-gauge catheter that was ligated in place to allow infusion of drugs into the left anterior descending coronary artery (LAD). Proximal LAD blood flow was measured using a 1.5-or 2.0-mm electromagnetic flow probe (Blood Flow Transducer, Statham, Oxnard, Calif.) and a Statham SP2202 Blood Flowmeter. A snare was placed distal to the flow probe for use in obtaining a mechanical zero for the probe in each experiment and to obtain 5-minute periods of total left anterior descending coronary artery occlusion in the 13 reperfusion experiments. The flow probe was calibrated in vivo at the end of each experiment.
Three No. 5 French catheter-tip manometer pressure transducers, designed by Dr. Huntley Millar (Millar Instruments, Inc., Houston, Tex.), were used to monitor pressure. Prior to an experiment, each pressure transducer was calibrated with a mercury manometer connected to a rigid, air-filled tube into which the catheter-tip manometer was inserted. One catheter-tip manometer pressure transducer was inserted into the aortic arch via the left subclavian artery with its tip just above the aortic valve to measure aortic pressure. A second manometer was inserted into the left ventricular cavity via an apical stab to measure left ventricular cavity pressure. A third manometer was inserted into the anterior free wall of the left ventricle. This manometer was initially advanced to the left ventricular cavity and its position confirmed by comparison of the pressure tracing obtained with that of the left ventricular cavity. The catheter was then gradually withdrawn until a peak systolic pressure clearly greater than that of the left ventricular cavity was obtained, thus identifying the position of this manometer as subendocardial. 23 " 25 Distal left anterior descending coronary artery pressure was monitored using a No. 3 French catheter-tip manometer pressure transducer inserted into the distal left anterior descending coronary artery.
The right heart bypass preparation, which has been previously described, 8 -26 was employed. Blood from donor dogs, anesthetized with Brevital (40 mg/kg i.v.) and heparinized (100 IU/kg i.v.), was used to prime the extracorporeal circuit. Heparin (100 IU/kg i.v.) was then administered to operative dogs for systemic anticoagulation. The caval blood was directed to a Bos-10 Bentley oxygenator (AHS del Caribe Inc., Anasco, Puerto Rico), bubbled with a gas mixture of 97% oxygen and 3% carbon dioxide, and was pumped at a constant rate of 2.1 ±0.11/min (range of 1.5to2.7 1/min) through the cannulated main pulmonary artery. Blood gases were frequently monitored throughout each experiment and were adjusted to maintain constant physiologic pH, Pco 2 , and Po 2 prior to the control period of each experiment. The coronary sinus flow was drained by gravity via a cannula in the right ventricular cavity into a cardiotomy reservoir and then returned to oxygenator. Although right ventricular pressure was not measured, the right ventricle was seen to remain flaccid throughout each experiment.
Heart rate was kept constant at 150 beats/min throughout each experiment by atrial pacing after sinoatrial node crush. Care was taken to maintain aortic incisura pressure constant by adjusting the height of an overflow column communicating through cannulae to both femoral arteries.
A diagrammatic representation of the experimental preparation is shown in Figure 1 . In the hypothermia experiments, a temperature probe (KM-5103 temperature probe, King Engineering Corp., Ann Arbor, Mich.) was inserted into the myocardium of the anterior free wall and connected to a Model 43-TD Temperature Unit (Yellow Springs Instrument Co., Yellow Springs, Ohio) to monitor myocardial temperature throughout the experimental period. In the reperfusion experiments, sutures ( Figure 1 ) were placed deep in the myocardium to minimize collateral coronary blood flow in the left anterior descending coronary artery territory.
Hypothermia Protocol
Progressive hypothermia was achieved in 14 experimental animals by progressive cooling of the oxygenator reservoir blood with a Haake-Buchler constant temperature circulating bath (Haake, Saddle Brooke, N.J.). Oxygenator blood temperature and myocardial temperature were closely monitored. Experimental data were collected under steady-state conditions at 37°C
and at 32° C. In 5 animals, rewarming to 37° C was carried out, and all hemodynamic measurements returned toward the control level that existed prior to hypothermia. To study the effect of calcium-channel blockade during hypothermia, 6 of the 14 animals received verapamil at a steady-state myocardial temperature of 32° C. The vasodilating effect of verapamil was minimized in these experiments by the prior intracoronary infusion of adenosine (60 /ig/kg of dog weight/ min at a rate of 0.5 ml/min i.e.) into the infundibular branch of the left anterior descending coronary artery ( Figure I ). 27 Four minutes after starting adenosine under hypothermic conditions, intracoronary verapamil (2 /ig/kg/min i.e.) was simultaneously infused for 8 minutes, at which time experimental data were collected.
G in L Subclavian
In 5 of the 14 hypothermia experiments, after a steady state was achieved, bilateral vagotomy was performed followed by administration of propranolol (0.5 mg/kg) and mecamylamine (100 mg) to produce pharmacologic blockade of the /3-adrenergic receptors and ganglia. The adequacy of beta-blockade was documented by the lack of a response is positive dP/dt and left ventricular end-diastolic pressure to isoproterenol (4 /xg) injected into the pulmonary artery perfusion cannula. Prior to propranolol, isoproterenol produced at least a 25% increase in dP/dt and a 5 mm Hg decrease in left ventricular end-diastolic pressure. Shortly after beta-blockade and after the termination of each experiment, this effect was completely abolished.
Reperfusion Protocol
In the 13 reperfusion experiments, the snare placed distal to the electromagnetic flow probe was used to occlude totally the LAD for precisely 5 minutes. This time of occlusion was selected to avoid changes, such as myocardial cell swelling, that may, in themselves, be associated with alterations in coronary blood flow. 28 With occlusion, distal coronary perfusion pressure fell from 8 4 ± 4 mm Hg to 2 0 ± 2 mm Hg (p<0.0l), and peak left ventricular free wall tension fell from 147 ± 8 to 87 ± 9 mm Hg (/><0.01). Data were collected prior to occlusion and at 30-second intervals following release of the LAD occlusion. As with previous reperfusion studies, to prevent the development of ventricular tachycardia on reperfusion, procainamide (15 mg/kg i.m.) was administered in 3 divided doses at 3 separate sites at least 1 hour before the beginning of the experiment. 2> - 29 In each experiment, the intracoronary administration of adenosine (250 fig/kg of dog weight/min infused at a rate of 0.5 ml/min i.e.) was begun at least 4 minutes prior to coronary occlusion and was continued throughout the occlusion and reperfusion periods. Seven of the 13 animals received a simultaneous infusion of verapamil (2 /u.g/kg of dog weight/min infused at a rate of 0.1 ml/min i.e.) begun 2 minutes before LAD occlusion and continued throughout the experimental period. This period of verapamil infusion is comparable to the duration of delivery of this drug in the hypothermia experiments.
Hemodynamic Variables Measured
The hemodynamic variables measured in each experiment are illustrated in Figure 2 . The onset .of relaxation was defined as the point on the left ventricular cavity pressure tracing that corresponds to the level of the aortic incisura pressure. This point was extrapolated to the intramyocardial pressure tracing and the LAD flow tracing. Relaxation time was calculated for both intramyocardial and intracavitary pressures. With hypothermia, the effect on ventricular relaxation is global, and the changes occur both regionally and in the whole ventricle. However, with regional myocardial ischemia, the change in relaxation occurs solely in the ischemic region, and thus, any changes in relaxation in the whole left ventricle and in the region of ischemia may not parallel each other. The total relaxation time was defined as the period of time between the onset of relaxation and the minimum values of the intramyocardial pressure and left ventricular cavity pressure. The total relaxation time on the intramyocardial pressure tracing was then correlated with the flow in each of the 27 experiments. Half-time to relaxation, which is not shown in Figure 2 , was defined as the time required for the intramyocardial pressure to fall halfway to its minimum value from the level of pressure at the onset of relaxation. Total relaxation time and half-time to relaxation were chosen because they were measures that reflected relaxation in the first half of diastole as defined in this study. The duration of diastole was measured as the time from the onset of relaxation to the beginning of the next systole on the left ventricular cavity pressure tracing during the control period before any interventions were employed. The time interval for half of diastole was calculated from this total duration of diastole for each experiment, and the same absolute diastolic interval was used throughout the duration of each experiment. End-diastolic flow was the flow at the end of diastole, which was, in turn, determined from the left ventricular pressure tracing. Since the length of diastole shortened with hypothermia and, to a much lesser extent, with reperfusion, the use of a constant diastolic interval for the first half of diastole tended to minimize the decreases in early diastolic flow calculated under these conditions.
The following measurements were then used to describe coronary blood flow: 1) Time to peak flowthe time from the onset of relaxation, as described above, to the time of peak LAD flow in milliseconds. 2) Mean flow for the first half of diastole-determined by visual estimation and then confirmed by counting millimeter squares on the recording paper above and below the visually estimated mean in ml/min. 3) The ratio of mean flow during the first half of diastole to end-diastolic flow-the use of this ratio corrects for changes in intrinsic coronary vascular resistance that might be produced by hypothermia, reperfusion, and verapamil in this study. Justification for the use of this ratio is shown in Figure 3 . Adenosine (250 Mg/kg of dog weight/min i.e.), which does not affect myocardial relaxation, was administered as a vasodilating agent in 9 animals. Total relaxation time was 155 ± 15 msec before adenosine and 158 ± 15 msec during adenosine (NS). End-diastolic flow and the mean flow during the first half of diastole increased in proportion to each other, resulting in the observed constant diastolic flow ratio. This dose of adenosine produced a vasodilatation comparable to that achieved in the various experimental protocols. 4) The ratio of mean LAD coronary blood flow to end-diastolic flow-the ratio of LAD total coronary blood flow throughout the cardiac cycle to end-diastolic coronary blood flow-did not change with the administration of adenosine. The data collected during hypothermia, comparing verapamil with control, were analyzed statistically by a repeat measures multivariate analysis of variance. The differences were considered significant at the level of p<0.05. In addition, the change in each variable from preocclusion to reperfusion at 2 minutes was compared during the control period and during verapamil administration. Under the condition of reperfusion, an initial regression plot of the change in relaxation time versus the change in the diastolic flow ratios or the change in the time to peak flow demonstrated a linear regression, thus identifying total relaxation time as a covariate. The equality of slopes was confirmed, thus justifying the repeat measures multivariate analysis of covariance. Statistical significance was reported when p<0.05. These tests were performed with a program BMDP. 30 The double-tailed Student's t test was used to compare baseline variables to those obtained during hypothermia or reperfusion under conditions of verapamil infusion or control conditions. Differences were considered significant at the level/?<0.05. All values preceded by ± represent plus or minus SEM.
Results
Effect of Hypothermia on Relaxation-Coronary Blood Flow Relation
A representative tracing obtained during hypothermia, which shows the effect on myocardial relaxation and coronary blood flow, is shown in Figure 4 . A change in temperature from 37° to 32° C resulted in a marked prolongation of myocardial relaxation, as shown in the intramyocardial pressure and left ventricular cavity pressure tracings of The mean results for the total relaxation time, the ratio of the mean flow for the first half of diastole to the flow at the end of diastole, and the time to peak flow are shown in Figure 5 . The total relaxation time in the animals without /3-adrenergic and ganglionic blockade and without vagotomy changed from 98 ± 5 to 154 ± 11 msec (p<0.001). The half-time to relaxation was also significantly prolonged. This impairment of relaxation resulted in a prolongation of the time to peak flow from 132±10 to 197±11 msec (p<0.00l). A concomitant decrease in the early diastolic flow ratio from 0.68±0.07 to 0.37±0.04 (p<0.001) resulted from this impairment of relaxation, with early diastolic LAD coronary blood flow decreasing from 30.5 ±5.2 to 23.4±4.8 ml/min (p<0.01).
Hypothermia was associated with a significant increase in end-diastolic coronary flow from 47.0±8.2 to 58.4 ± 7.6 cc/min (p<0.001) in the 13 hypothermia experiments. The corresponding end-diastolic coronary vascular resistances were 1.85 ±0.38 and 1.29±0.20 mm Hg/ml (p<0.001). The associated changes in mean coronary flow throughout the cardiac cycle (33.5±5.7 to 31.3±5.2) were not significant, most likely because of the decrease in intrinsic coronary vascular resistance. However, in the 7 experiments in which end-diastolic coronary blood flow changed by 10 ml/min or less, there was a significant (p<0.05) decrease in mean LAD coronary blood flow throughout the cardiac cycle from 44.1 ± 8.5 to 38.4 ± 8.5 ml/min. Furthermore, the ratio of mean LAD coronary blood flow to end-diastolic coronary flow in all 13 experiments decreased significantly from 0.723 ±0.4 to 0.53 ±0.04 (p<0.001). With hypothermia, peak intramyocardial pressure did not change significantly (138±1O to 137±9 mm Hg), the aortic incisura pressure did not change (75 ± 3 to 75 ± 3 mm Hg), and end-diastolic left ventricular pressure did not change significantly (8 ± 1 to 7 ± 1 mm Hg). Vagotomy, ganglionic blockade, and /3-adrenergic receptor blockade did not significantly alter the results ( Figure 5 ). Figure 6 shows a representative tracing of the hemodynamic changes which occurred during reperfusion following LAD occlusion. As can be seen in the intramyocardial pressure tracing, reperfusion following ischemia was associated with a prolongation of relaxation in the ischemic region. Similar to hypothermia, this prolongation in relaxation was associated with a decrease in the early diastolic flow ratio and a prolongation in the time to peak flow.
Effect of Reperfusion Following Ischemia on Relaxation-Coronary Blood Flow Relation
The mean changes in total relaxation time and the associated mean changes in time to peak flow and the diastolic flow ratio at 2 minutes of reperfusion are seen in Figure 7 . Similar to hypothermia (Figure 5 ), the increase in total relaxation time was associated with a prolongation in the time to peak flow and a decrease in the diastolic flow ratios. Total relaxation time increased from 128±13 to 190±10 msec (p<0.01). The half-time to relaxation was also significantly prolonged from 44 ± 6 to 58 ± 8 msec (/?<0.05). As shown in Figure 7 , this prolongation of total relaxation time resulted in an increase in the time to peak flow from 154±11 to 194 ±8 msec (p<0.01) and a decrease in the early diastolic flow ratio from 0.45±0.08 to 0.22±0.07 (p<0.01). Mean LAD flow in the first half of diastole fell from 35.8±8.7 to 19.2±5.1 ml/min, but this decrease was not significant (p<0.08). The lack of significance reflects increases in end-diastolic flow and hence in early diastolic flow with reflow in 2 animals despite pretreatment with adenosine. Reperfusion resulted in a decrease in end-diastolic coronary vascular resistance from 0.84±0.18 to 0.54±0.11 mm Hg/ml (p<0.05). End-diastolic coronary flow (86.3 ±16.3 to 104.9± 14.8) and mean LAD coronary blood flow throughout the cardiac cycle (53.5 ± 9.6 to 58.0 ± 6.1) did not change significantly. However, the ratio of mean LAD coronary blood flow to end-diastolic coronary flow decreased significantly from 0.631 ± 0.04 to 0.573 ±0.04 (p<0.05). With reperfusion, the peak intramyocardial pressure and end-diastolic left ventricular pressure did not change significantly compared with control nonischemic values (166 ± 19 to 149±18 mm Hg and 5±1 to 6±1 mm Hg, respectively).
Effect of Verapamil on Relaxation-Coronary Blood Flow Relation
The effect of verapamil on the changes in relaxation and early diastolic coronary blood flow produced by . Effect of reperfusion following interruption of blood flow on myocardial relaxation and early diastolic coronary blood flow. The format is the same as in Figure 5 . Note that reperfusion (the direction of the change indicated by the arrows) resulted in a delay in ventricular relaxation, an increase in time to peak flow, and a decrease in the diastolic flow ratio (open circles) in the absence of verapamil, effects which were similar in direction to those produced by hypothermia ( Figure 5 ). Following the administration of verapamil, the changes in these variables with reperfusion were prevented (closed symbols).
reperfusion are shown in Figures 7 and 8 . Note that the administration of verapamil markedly blunted the effects of ischemia and reperfusion on the total relaxation time, with a similar blunting of the changes in the time to peak flow and the diastolic flow ratios. As shown in Figure 7 , there were no significant changes in the total relaxation time, the time to peak flow, and the early diastolic flow ratio during reperfusion with verapamil. In the reperfusion experiments, the administration of verapamil was associated with a nonsignificant change in both end-diastolic coronary flow (84.7 ± 10.3 to 86.0 ± 11.5) and mean LAD coronary blood flow (56.1 ±7.6 to 60±7.5) but a significant increase in the mean LAD coronary flow to enddiastolic flow ratio from 0.660 ± 0.03 to 0.715 ± 0.03 (/7<O.O5). This abolition of the impairment of relaxation and its effects on coronary blood flow produced by verapamil during reperfusion markedly contrasts with the results obtained during reperfusion without verapamil (Figure 7) . With verapamil and reperfusion, there was actually a significant improvement of very early relaxation as reflected in a shortening of the half-time to relaxation from 42 ± 7 to 29 ± 5 msec (p<0.05). This change could account for the small but not statistically significant decrease in the time to peak flow and increase in the early diastolic flow ratio shown in Figure 7 . With verapamil and reperfusion, the peak intramyocardial pressure did not change significantly compared with control nonischemic values (142 ± 11 to 137 ±8 mm Hg, NS). Figure 9 (right panel) shows that the effects of reperfusion in the presence of verapamil was significantly different from that in the absence of this calcium blocking agent. This blunting of the impairment of relaxation with verapamil following ischemia and reperfusion was not present under conditions of hypothermia ( Figure 9 ). As can be seen on the left panel of this figure, there were no significant differences in the hypothermia response in the total relaxation time, the time to peak flow, or the early diastolic flow ratio with or without verapamil. Also, under hypothermic conditions with verapamil, the ratio of mean LAD coronary blood flow throughout the cardiac cycle to end-diastolic flow did not change significantly (0.67±0.02 to0.66±0.02).
Discussion
The present study demonstrated that ventricular relaxation can have an important influence on coronary blood flow independent of the known hemodynamic variables that determine coronary flow. The inverse relation between ventricular relaxation and early diastolic coronary flow is valid whether relaxation is impaired during hypothermia or during reperfusion following myocardial ischemia. Furthermore, the impairment of relaxation can be ameliorated during reperfusion, but not during hypothermia, with the use of a calcium channel blocking agent, which results in a concomitant increase in early diastolic coronary blood flow.
In the present study, careful control of the hemodynamic variables that are known to determine coronary flow allowed the isolated effect of ventricular relaxation on early diastolic coronary blood flow to be demonstrated. Aortic incisura pressure was precisely controlled, resulting in comparable aortic pressures throughout the period of diastole in each experiment. Hence, changes in the coronary perfusion gradient during early diastole solely reflected changes in ventricular relaxation. To keep cardiac cycle length constant and to minimize alterations in the duration of diastole, heart rate was maintained constant throughout each experiment. The effect of impaired myocardial relaxation on coronary blood flow in the present study would have been more pronounced at faster heart rates, which are known to result in a persistence of incomplete relaxation to end-diastole. 341 4 Changes in peak developed tension may influence early diastolic relaxation. In the present study, there were no significant alterations in peak intramyocardial pressure with each intervention, and yet, the results consistently supported an inverse relation between ventricular relaxation and early diastolic coronary blood flow. Left ventricular end-diastolic pressure did not change significantly with each set of interventions, thus minimizing any effect of this hemodynamic variable on end-diastolic coronary flow.
Irrespective of the mechanism by which relaxation is impaired, early diastolic coronary blood flow is adversely affected. Hypothermia produces a marked impairment of relaxation, presumably through an intracellular effect at the sarcoplasmic reticulum. M This study demonstrates that a significant impairment of relaxation also occurs under conditions of reperfusion, which is likely to be mediated through an action on the transmembrane movement of calcium. 21 •" Although hypothermia and reperfusion are associated with decreases in intrinsic coronary vascular resistance, the inverse relation between relaxation and coronary flow exists despite the potent direct coronary vasodilating effects of both of these interventions. One would expect that the increase in total coronary blood flow under these two circumstances would be even greater if the impairment of early diastolic relaxation had not occurred.
The background of a low intrinsic coronary vascular resistance produced by the administration of adenosine in the present experiments enabled the effect of impaired relaxation on coronary blood flow to be appreciated. As demonstrated by the present results, a low intrinsic coronary resistance does not alter the relation between early diastolic flow and enddiastolic flow, which reflects intrinsic coronary resistance. A mechanical impediment to early diastolic flow would be expected to have an effect on early diastolic perfusion in the presence or absence of adenosine. From the results of experiments in which vagotomy and pharmacologic gangl ionic and /3-adrenergic receptor blockade were employed, it is evident that the inverse relation between ventricular relaxation and early diastolic coronary blood flow is also independent on external neural and circulating adrenergic influences.
In the present study, coronary blood flow was measured in an epicardial artery. While it has been demonstrated that the phasic characteristics of coronary blood flow in the epicardial arteries are different from those of intramyocardial arteries," it has also been shown that during the intense coronary vasodilation that occurs during reperfusion following coronary occlusion, coronary blood flow increases to a similar extent in both epicardial and intramyocardial arteries." Since all the interventions used in the present study resulted in marked coronary vasodilation or were performed under conditions of marked coronary vasodilation, the changes in coronary blood flow measured in the epicardial coronary artery should reflect directional changes in intramyocardial and regional coronary blood flow. Spaan has suggested that the contracting myocardium functions as a pump capacitatively coupled between the arterial and venous sides of the coronary circulation. 32 His model includes two capacitors that charge during systole and discharge during diastole, one in the epicardial arteries and the greater one in the intramyocardial vascularure. Impaired myocardial relaxation and extravascular compression, by interfering with coronary capacitor function, would explain the results in the present study of the inverse relation between myocardial relaxation and diastolic coronary blood flow. Furthermore, since the intramyocardial capacitor is greater than the epicardial one, the change in coronary blood flow produced by impaired myocardial relaxation is probably greater than that in the epicardial arteries. This greater change in intramyocardial blood flow is compatible with the results of Momomura et al, which showed a decrease in subendocardial coronary blood flow, measured by microspheres, in association with impaired relaxation during ischemia. 27 The present study also demonstrates that when the impairment of relaxation is ameliorated during reperfusion by the use of verapamil, early diastolic coronary blood flow increases. The effect of verapamil in increasing early diastolic coronary blood flow could also be due to the direct coronary vasodilating effect of this drug."-** When adenosine, which has been used in other studies to produce maximal coronary vasodilation, 33 was administered to minimize the subsequent effects of verapamil on intrinsic coronary resistance, the effect of verapamil on increasing early diastolic coronary blood flow secondary to improved relaxation was established. This beneficial effect of verapamil on relaxation during reperfusion in the present study is consistent with previous data with nifedipine, which demonstrated a marked blunting of the impairment of relaxation during reoxygenation following hypoxia in an isolated papillary muscle preparation. 13 In situations in which there is a delicate balance between myocardial oxygen supply and demand, the effect of impaired ventricular relaxation on early diastolic coronary blood flow may be deleterious. Successful intervention with calcium channel blocking agent to prevent an impairment of relaxation, and the corresponding decrease in early diastolic coronary blood flow that follows from it, would be useful.
